This paper presents a design concept for a head-mounted display, incorporating color stereo vision using commercial LCDs and our own optical relay design. The focus here is on the optical system design, which must meet specifications for a wide field of view, size and cost constraints, and aberration minimization based on human factors. Two multispherical lens systems are presented and compared, one a straight structure and the other a folded structure, which satisfy the design constraints. Their aberrations (distortion, coma, lateral color, field curvature, and astigmatism) have been well corrected, according to human perceptual constraints explicitly discussed. Each has a 20-mm eye relief and an instantaneous field of view greater than 60°; the former has an exit pupil of 10 mm and the latter of 8 mm.
I Introduction
Head-mounted displays (HMDs) have been developed and used as a man-machine interface in a variety of applications, such as aviation (Heard, Hayes, Ferrer, & Zilgalvis, 1969; Russo, 1978) and telerobotics (Kim & Stark, 1989 ; Wilson & McFarlane, 1990) . HMDs may be used in inaccessible environments, such as for telemicrorobotics or telemicrosurgery (Hunter, Lafon- taine, Nielson, Hunter, & Hollerbach, 1990) . HMDs are also an effective means to create teleexistence or virtual reality (Sheridan, 1992; Tachi, Arai, Maeda, Oyama, Tsunemoto, & Inove, 1991 operator's eye, is the main focus of this paper. We specify an IFOV of at least 60°to achieve a sense of telepresence (LEEP, 1990) , to enhance safety, and to increase efficiency (Wells & Venturino, 1990) . A wide IFOV such as this causes problems from aberrations and vignetting. Aberrations increase rapidly when the IFOV increases (see Table 1 ). Vignetting (partial to total loss of light from the image) arises because the eye pupil is not at the center of rotation of the eye (Rogers, 1991) (Fig. 2) . One solution to the problem is to have a large exit pupil (aperature stop image) and a large eye relief (the distance from the last surface of the optical system to the entry pupil of the operator's eye). For our system, the exit pupil is chosen as 10 mm and the eye relief as 20 mm.
The goal of the optical system design is to correct the aberrations well, while satisfying constraints related to mounting on an operator's head. These constraints include the diameter of lenses and total length and weight of the system. Section 2 discusses the various constraints.
Section 3 then presents the optical design process.
Prior Work
Of the different approaches toward three-dimensional (3-D) visual displays, stereoscopic displays are the best current choice (McKenna & Zeltzer, 1992 (Cameron, 1990 (Droessler & Rotier, 1990; Pel, 1990) , which is generally simple and relatively light, and permits reasonably efficient transmission of the image from the display to the eye. There are many existing designs to choose as starting points (Rosin, 1965; Tayler, 1945) , but the magnifier approach has limitations on the maximum achievable apparent IFOV and on the size of display for binocular vision.
One well-known example is the LEEP optical system (Howlett, 1990; LEEP, 1990) In this paper, we will employ both approaches to design two optical systems for the BLHMD.
Aberrations
In infinitesimal regions about the optical axis, called the paraxial region, optical systems may be considered to perform ideally (Smith, 1990 (Smith, 1990 Figure 5 , is a measure of astigmatism.
As shown in Figure 5 field curvature refers to the effect that optical systems using spherical lenses image better on curved surfaces than on flat planes. (Smith, 1990 (Shlaer, 1937 (Westheimer, 1982) . For photopic (daylight) levels of illumination, the minimum angle of resolution at a field angle of 30°is about 5 min. Considering other factors such as aberrations that may decrease the visual acuity, a lateral color criterion ofless than 7 min is chosen as being reasonable. The fact that visual acuity at the center of the visual field is much higher than that on the periphery suggests that it is acceptable for an optical device to provide the human eye with high resolution in the central visual field and low resolution in the periphery. This is useful since it is very hard to correct aberrations in the margin of the visual field.
A number of studies (Farrell & Booth, 1984) have shown that there is not an optimum viewing distance. The best hint is to choose a viewing distance that suits the specific aberration residuals, as long as the axial setting is within a range of 0.75 and 2.5 diopters and that no part of the field of view is beyond infinity (Rogers, 1991 (Reeves, 1918) . In the daytime, the diameter of the pupil is around 4 mm. In line with the discussion of Figure 2, (Farrell & Booth, 1984) , and about half those people prefer to keep wearing spectacles when looking into optical equipment, rather than taking them off and refocusing. The minimum eye relief with glasses is 20 mm (Kingslake, 1978; Rogers, 1991) , which is adopted here. (Smith, 1990; Wang, 1989) and from experimental studies (Burton & Haig, 1984) .
The values obtained are those "that can be detected with some defined probability and represent just-noticeable differences in image quality" (Burton & Haig, 1984) , and are suitable only for optical systems with small aberrations such as objectives of telescopes and microscopes.
As for non-image-degrading aberrations, field curvature and distortion, only empirical aberration tolerances can be found (Kingslake, 1978; Rogers, 1991;  Wang, 1989) . There are trade-offs in astigmatism and the tangential and sagittal field curvatures, which influence each other. A flat tangential field combined with a 3-diopter curved sagittal field corresponds to the largest astigmatism that can be tolerated (Kingslake, 1978; Rosin, 1965 (Kingslake, 1978) .
Step 2: Insert a biconvex element between the two doublets as a relay such that marginal rays of the wide field still can pass through the doublet near the eye (called the eye lens). Thus the system can achieve a 60°IFOV.
Meanwhile, since the biconvex lens shares part of the power of the eyepiece, it should weaken the inner convex surfaces of the two doublets to keep the same focal length. This reduces aberrations as well. This type of eyepiece is called the Erfle eyepiece (Erfle, 1921). Step 3: Add a positive lens right after the eye lens to increase the eye relief (Rosin, 1965) .
Step 4: The central thicknesses of the lenses were chosen such that (1) the central thickness of each lens is larger than 3 mm, and (2) the edge thickness at a radius of 25 mm is larger than 1.5 mm.
Step 5: Considering the chromatic aberration and cost, we choose low-relative-dispersion glasses BK7 and KF50 for the positive elements in the doublets, and high relative dispersive glasses F4 for the negative elements.
The middle biconvex lens and the meniscus lens are chosen as BK7, a very common and high quality optical glass. The basic structure of the starting system thus consists of four elements: two doublets, one biconvex lens, and one meniscus lens. The system layout is illustrated in Figure   8 .
3.1.1 Optimization.
The aberration analyses in Figure 9 show the characteristics of this initial optical system and the necessity to change the structural parameters of this system to reduce aberrations. The most important design variables are the shapes and the thicknesses of the lenses, and the air spaces between lenses. To optimize from the initial design, a function of merit (FMT) ACCOS V provides three kinds of optimization routines.
• Damped-least-squares (DLS) optimization. Automatic adjustment of the damping factor is provided. Solutions for which the figure of merit (FMT) fails to improve are rejected. This leads to one local minimum.
• Pseudoglobal search (PGS) optimization. This is different from DLS optimization in that a diverging solution will be accepted a certain percentage of the times that the damping factor would normally have been increased and the cycle repeated. Any diverging solutions whose FMT is greater than a certain percentage of the starting FMT will be rejected.
• Random search for a minimum FMT. Each variable is randomly varied between low and high limits, and the FMT is calculated. The lens system with the smallest FMT is saved.
We mainly employed DLS and PGS optimizations. After long trial-and-error, we came to the final design in Figure 10 with structural parameters in (Fig. 9 ). As summarized in Table 5 , the overall characteristics are satisfactory. The sagittal field curvature is reasonably good within a ±20°f ield, and quite curved beyond this field. Hence, the outer field is useful only for identifying the presence of a possible target. The characteristics of the field curvatures may be explained as follows. Due to the constraint of the total length from the display to the exit pupil and the requirement of a wide IFOV, the focal length of the optical relay must be small. This makes the Petzval sum large, i.e., the Petzval surface is unavoidably quite curved. In order to obtain a flat tangential field, overcorrected astigmatism was introduced. This makes the sagittal field more curved. • to reduce the Petzval sum by utilizing two air sepa- Figure 11 , and the structural parameters in Figure 12 and summarized in 
